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ABSTRACT

Arenavirus pathogens cause a wide spectrum of diseases in humans ranging from central nervous system disease to lethal hem-
orrhagic fevers with few treatment options. The reason why some arenaviruses can cause severe human diseases while others
cannot is unknown. We find that the Z proteins of all known pathogenic arenaviruses, lymphocytic choriomeningitis virus
(LCMV) and Lassa, Junin, Machupo, Sabia, Guanarito, Chapare, Dandenong, and Lujo viruses, can inhibit retinoic acid-induc-
ible gene 1 (RIG-i) and Melanoma Differentiation-Associated protein 5 (MDA5), in sharp contrast to those of 14 other non-
pathogenic arenaviruses. Inhibition of the RIG-i-like receptors (RLRs) by pathogenic Z proteins is mediated by the protein-pro-
tein interactions of Z and RLRs, which lead to the disruption of the interactions between RLRs and mitochondrial antiviral
signaling (MAVS). The Z-RLR interactive interfaces are located within the N-terminal domain (NTD) of the Z protein and the
N-terminal CARD domains of RLRs. Swapping of the LCMV Z NTD into the nonpathogenic Pichinde virus (PICV) genome does
not affect virus growth in Vero cells but significantly inhibits the type I interferon (IFN) responses and increases viral replication
in human primary macrophages. In summary, our results show for the first time an innate immune-system-suppressive mecha-
nism shared by the diverse pathogenic arenaviruses and thus shed important light on the pathogenic mechanism of human are-
navirus pathogens.

IMPORTANCE

We show that all known human-pathogenic arenaviruses share an innate immune suppression mechanism that is based on viral
Z protein-mediated RLR inhibition. Our report offers important insights into the potential mechanism of arenavirus pathogene-
sis, provides a convenient way to evaluate the pathogenic potential of known and/or emerging arenaviruses, and reveals a novel
target for the development of broad-spectrum therapies to treat this group of diverse pathogens. More broadly, our report pro-
vides a better understanding of the mechanisms of viral immune suppression and host-pathogen interactions.

Intracellular RNA viruses are recognized by a family of cytosolic
RNA helicase proteins called retinoic acid-inducible gene 1

(RIG-i)-like receptors (RLRs) to activate the antiviral and inflam-
matory signals (1, 2). The RLR members include RIG-i, Mela-
noma Differentiation-Associated protein 5 (MDA5), and Labora-
tory of Genetics and Physiology 2 (LGP2) (3–5). RIG-i recognizes
short double-stranded RNA (dsRNA) with 5= triphosphate, while
MDA5 recognizes long RNA duplexes (6). Upon ligand binding
by the C-terminal domains (CTD) of RIG-i and MDA5, these
proteins undergo conformational changes to activate the N-ter-
minal CARD domains that mediate their interactions with the
adaptor molecule mitochondrial antiviral signaling (MAVS)/IPS-
1/virus-induced signaling adaptor (VISA)/Cardif to trigger the
signaling cascades that consist of tumor necrosis factor (TNF)
receptor-associated factors (TRAFs), TANK-binding kinase 1
(TBK1), and inhibitor-�B kinase ε (IKKε) to activate transcrip-
tion factors NF-�B, interferon (IFN) regulatory factor 3 (IRF3),
and IRF7, which induce the production of the type I IFNs and
other cytokines (3). The RLR pathway is essential for host innate
immunity to RNA viruses and is thus a major target of viral im-
mune evasion mechanisms (4, 7). Influenza virus NS1 inhibits
RIG-i activation by interacting with TRIM25 to prevent RIG-i
ubiquitinylation (8). Paramyxovirus V protein binds and inhibits
MDA5 (9). Ebola virus (EBOV) VP35 blocks RLR signaling
through multiple mechanisms such as sequestering the RIG-i co-
factor PKR activator (PACT), preventing the interactions of TBK1
and IKKε with IRFs, and inhibiting IRF7 activity (10–14). Arena-

viral nucleoprotein (NP) strongly inhibits the production of type
I IFNs through its DEDDH exoribonuclease (RNase) activity, pos-
sibly by degrading the immunostimulatory dsRNA substrates
(15–20).

Arenaviruses are a diverse family of negative-strand enveloped
RNA viruses with a bisegmented RNA genome, which encodes
two proteins on each segment in an ambisense orientation— gly-
coprotein GPC and nucleoprotein NP on the S segment and L
polymerase protein and the small matrix protein Z on the L seg-
ment (21). Arenaviruses can cause a wide spectrum of diseases in
humans, with limited preventive or therapeutic options (22, 23).
Lymphocytic choriomeningitis virus (LCMV) can cause neuro-
logic diseases (24). Dandenong virus (DANV) was isolated from
organ transplant patients who died of a febrile illness (25). Hem-
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orrhagic fever (HF) arenaviruses, such as Lassa virus (LASV), Lujo
virus (LUJV), Junin virus (JUNV), Machupo virus (MACV), Sa-
bia virus (SABV), Guanarito virus (GTOV), and Chapare virus
(CHPV), can cause multisystem organ failure and death. LASV
causes endemic infection in many countries in West Africa, with
an estimated 500,000 cases resulting in �5,000 deaths annually
(26). Except for Candid#1, which is used as the JUNV vaccine in
Argentina, no licensed vaccine for human usage is currently avail-
able. Therapeutic options are limited and depend mainly on sup-
portive care. Ribavirin, a broad-spectrum antiviral compound,
has shown some efficacy only when it has been administered at an
early stage of viral infection when the symptoms are insidious
(27). Transfusion of immune plasma has been used with some
success to treat JUNV-caused Argentine HF (AHF) (28) but not
Lassa hemorrhagic fever. It is unknown why other arenaviruses,
e.g., Mobala virus (MOBV), Mopeia virus (MOPV), Ippy virus
(IPPYV), Amapari virus (AMAV), and Pichinde virus (PICV), are
not associated with human diseases even though they have been
isolated from the same host species and belong to the same sero-
groups as the other arenaviral pathogens (23).

Arenavirus Z protein is a small 15-kDa protein with multiple
functions (29), such as forming a matrix layer of virions (30, 31),
mediating virus budding (32, 33), and regulating viral genome
replication and transcription (34, 35). It has been reported that the
Z protein of New World (NW) pathogenic arenaviruses, i.e.,
MACV, JUNV, SABV, and GTOV, but not of Old World (OW)
pathogenic ones (LASV and LCMV) can bind RIG-i and inhibit
IFN production (36). We report here a novel discovery: the Z
proteins of all known human arenavirus pathogens, but not of
nonpathogens, inhibit the RLRs by binding to RLRs and disrupt-
ing the RLR-MAVS interactions. The determinant for the RLR
binding and inhibition has been mapped to the N-terminal do-
main (NTD) of pathogenic Z proteins. Swapping of a pathogenic
Z NTD to the nonpathogenic Pichinde virus (PICV) genome does
not affect viral growth in Vero cells but significantly inhibits the
type I IFN responses and increases viral replication in human pri-
mary macrophages. Our report reveals a common innate im-
mune-system-suppressive mechanism of all pathogenic arenavi-
ruses that may provide important insights into arenavirus
pathogenesis.

MATERIALS AND METHODS
Cell lines and viruses. Human kidney epithelial cells 293T (Y. Liang lab-
oratory) were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 50 �g/ml penicil-
lin-streptomycin. BHK21 baby hamster kidney cells (Y. Liang laboratory)
and Vero African green monkey kidney cells (Y. Liang laboratory) were
maintained in DMEM supplemented with 10% FBS and 50 �g/ml peni-
cillin-streptomycin. BSRT7-5 cells, which are BHK21 cells stably express-
ing T7 RNA polymerase, were obtained from K. K. Conzelmann (Ludwig-
Maximilians-Universität, Germany) and cultured in minimal essential
medium (MEM) supplemented with 10% FBS, 1 �g/ml Geneticin, and 50
�g/ml penicillin-streptomycin. Recombinant PICVs were amplified in
BHK21 cells, and the infectious virus titer was determined by plaque assay
in Vero cells as described previously (37).

Isolation and culture of primary human MDMs (hMDMs). Mono-
cyte-derived macrophages (MDMs) were obtained and purified from hu-
man peripheral blood mononuclear cells (PBMCs), following the same
protocol as that described by Pannetier et al. (38). Briefly, human PBMCs
were freshly isolated from individual healthy-donor buffy coats (Memo-
rial Blood Center, St. Paul, MN) after Ficoll-Hypaque gradient centrifu-
gation. The CD14� monocytes were isolated from the mononuclear frac-

tion using a MACS CD14 isolation kit (Milteny Biotec) according to the
manufacturer’s instructions. MDMs were obtained by culturing mono-
cytes in medium (RPMI medium supplemented with 100 U/ml L-glu-
tamine, 100 �g/ml penicillin-streptomycin, and 1 mM sodium pyruvate)
containing 10 U/ml recombinant human macrophage colony-stimulating
factor (rhM-CSF) (PeproTech) for 7 days, during which medium with
cytokines was replaced with fresh medium every 2 days (38). The purity of
the MDM populations was determined to be �97% by flow cytometric
analysis using fluorescein isothiocyanate (FITC)-conjugated anti-CD14
antibody (BD Biosciences).

Plasmids. Expression plasmids for C-terminal hemagglutinin (HA)-
tagged PICV and LASV Z proteins have been described previously (39).
Expression plasmids for the other arenavirus Z proteins, with a C-termi-
nal HA tag, were similarly constructed in the pCAGGS vector. The Z
protein sequences of the following viruses (accession no.) were obtained
from GenBank: DANV (ABY20731), LCMV Armstrong (AAX49343), LUJV
(YP_002929492), CHPV (ABY87070), MACV (NP_899214.1), GTOV
(NP_899220.1), JUNV (NP_899216.1), SABV (YP_089659.1), MOBV
(YP_516228.1), MOPV (YP_170707.1), IPPY (YP_516232.1), AMAV
(YP_001649217.1), Tacaribe virus (TCRV; NP_694847.1), Pirital virus
(PIRV; YP_025092.1), Bear Canyon virus (BCNV; YP_001649224.1), Cupixi
virus (CPXV; YP_001649219.1), Flexal virus (FLEV; (ACC94297.1), Latino
virus (LATV; YP_001936025.1), Oliveros virus (OLVV; ABY59840.1), Ta-
miami virus (TAMV; YP_001911117.1), and White Water Arroyo virus
(WWAV; ACD03599.1). Overlapping oligonucleotides spanning the
�300-bp full-length Z open reading frame (ORF) with C-terminal HA se-
quences were chemically synthesized (Life Technologies), annealed, ligated,
and inserted into the pCAGGS expression vector. The PICV-LASV and
PICV-LCMV chimeric Z protein expression plasmids were constructed by
similar methods using overlapping oligonucleotides. Each plasmid was con-
firmed by sequence analysis. Expression plasmids pEF-FLAG-RIG-i, pEF-
FLAG-RIG-iN, pEF-FLAG-RIG-iC, pEF-FLAG-MDA-5, pEF-FLAG-MDA-
5N, and pEF-FLAG-MDA-5C were obtained from Takashi Fujita (Kyoto
University, Japan). Plasmids pMyc-MAVS, pFLAG-TBK1, pFLAG-IKKε,
and pFLAG-IRF3/5D were obtained from Rongtuan Lin (McGill University,
Canada). The pGST-RIG-iN plasmid was constructed by subcloning the
amino acid (aa) 1 to 229 N-terminal region of RIG-i in frame with the gluta-
thione S-transferase (GST) tag in the pGEX-4T-1 plasmid.

IFN-�-promoter-dependent LUC assay. 293T cells were transfected
with either empty vector or an individual Z expression vector in different
amounts (10 ng, 100 ng, and 1,000 ng), together with 100 ng of IFN-�–
LUC vector, which expresses the firefly luciferase (Fluc) reporter gene
from the IFN-� promoter, and 50 ng of a �-galactosidase (�-Gal)-ex-
pressing plasmid, for the purpose of transfection efficiency normalization.
For RIG-i- or MDA5-mediated IFN induction, 100 ng of pEF-FLAG-
RIG-iN (expressing the N-terminal domain of RIG-i) or pEF-FLAG-
MDA-5N (expressing the N-terminal domain of MDA5) was included in
the transfection. For Sendai virus (SeV)-induced IFN activation, the
transfected 293T cells were infected with 100 hemagglutination units
(HAU) ml�1 of SeV. Cell lysates were prepared at 24 h posttransfection or
16 h postinfection (hpi) for Fluc and �-Gal assays. Fluc activities were
normalized to the �-Gal values as previously described (16). Each trans-
fection was conducted in triplicate experiments and repeated in at least
two independent experiments.

Coimmunoprecipitation (co-IP). 293T cells were transfected with 10
�g of HA-tagged Z expression plasmid and 10 �g of FLAG-tagged RIG-i,
MDA5, or IKKε plasmid, with or without myc-tagged MAVS plasmid.
Cell lysates were prepared at 48 h posttransfection in lysis buffer (50 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% NP-40, 0.1% SDS, 10 �g/ml
aprotinin, 20 �g/ml phosphoramidon, 1 �g/ml leupeptin, 50 �g/ml
phenylmethylsulfonyl fluoride [PMSF], 0.2 mM sodium orthovanadate)
and immunoprecipitated (IP) with either anti-FLAG or anti-HA antibody
as previously described (40). After three washes, the precipitants were
separated by SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. Standard Western blot analyses were conducted
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with anti-HA, anti-FLAG, and anti-myc antibodies. For endogenous co-
immunoprecipitation (co-IP) assays, hMDMs were infected with the re-
spective arenaviruses at a multiplicity of infection (MOI) of 5 for 24 h. The
cell lysates were accordingly subjected to immunoprecipitation using rab-
bit anti-RIGi antibody (catalog no. 3743S; Cell Signaling, MA), rabbit
anti-MDA5 antibody (catalog no. 5321S; Cell Signaling, MA), or normal
rabbit IgG. After washing, the precipitants were separated by SDS-PAGE
and analyzed by Western blotting with anti-RIGi, anti-MDA5, anti-
FLAG, anti-HA, anti-Myc, and rabbit anti-Z antibody (kindly provided
by N. Lopez, Centro de Virología Animal, Argentina).

GST pulldown. GST and GST-RIG-iN proteins were purified from
bacteria as previously described (41). For GST pulldown assays, the Z
protein was generated by an in vitro translation reaction at 30°C for 90 min
using a TNT quick-coupled transcription-translation rabbit reticulocyte
system with Transcend biotinylated lysine-tRNA (Promega). The in vitro
translation products were then incubated with purified GST or RIG-iN
proteins bound to GST agarose beads at 4°C for 1 h followed by repeated
washing with buffer (50 mM Tris [pH 8], 120 mM sodium chloride, 0.5%
Triton X-100). The biotin-labeled Z proteins bound to the GST agarose
beads were separated by protein electrophoresis on a 15% SDS-polyacryl-
amide gel and visualized by the use of streptavidin-horseradish peroxidase
(HRP) followed by chemiluminescent detection (Promega).

Generation of recombinant PICV with NTD from LCMV Z protein
and/or NP exoribonuclease mutation. Recombinant PICVs were gener-
ated using a reverse genetics system that we previously developed (42).
The LCMV Z NTD sequences and the NP RNase mutation (NP D380A)
were introduced into the plasmids encoding the P18 L and S segments,
respectively, by an overlapping-PCR method. To generate recombinant
virus, the respective plasmids encoding P18 L and S segments of either the
wild-type form or the mutant form were cotransfected into BSRT7-5 cells
that stably express T7 RNA polymerase. Supernatants were collected at 48
h for plaque assaying on Vero cells. After plaque purification, viruses were
amplified in BHK-21 cells. The sequences of the rescued mutant viruses
were confirmed.

Growth curve analysis. Cells were seeded in 6-well plates at 90% to
100% confluence and infected (in triplicate experiments) with viruses at
MOI of 0.01 for 1 h at 37°C. After the cells were washed with phosphate-
buffered saline (PBS), a fresh aliquot of cell-culture medium was added
into the culture. At different time points postinfection, aliquots of the
supernatant were harvested for plaque assaying on Vero cells.

Quantification of IFN-� production from arenavirus-infected
hMDMs. Human MDMs in triplicate experiments were treated with lipo-
polysaccharide (LPS; Sigma-Aldrich) (0.5 �g/ml) for 6 h or infected with
the respective arenaviruses at MOI of 1 for 1 h. After PBS washing, a fresh
aliquot of cell-culture medium was added to the culture. At 12, 24, and 48
hpi, supernatants were collected and quantified for IFN-� levels using a
human IFN-� enzyme-linked immunosorbent assay (ELISA) kit (PBL
Interferon Source, Piscataway, NJ), following the manufacturer’s instruc-
tions.

Quantitative RT-PCR (qRT-PCR). Total RNA was extracted from
cells using TRIzol reagent (Life Technology, Carlsbad, CA) according to
the manufacturer’s instructions. Total RNA was cleared of possible plas-
mid DNA contamination by incubation for 30 min at 37°C with DNase I,
which was inactivated by incubation at 85°C for 15 min. Reverse tran-
scription (RT) was conducted using Superscript III reverse transcriptase
(Life Technology, Carlsbad, CA) with oligo(dT) as the RT primer. Real-
time quantitative PCR (qPCR), in duplicate experiments, was carried out
in a 20-�l reaction mixture with gene-specific primers using PerfeCTa
SYBR green DNA dye (Quanta Biosciences, Gaithersburg, MD). The
qPCR primers were 5=-GAAGTGGACCTCTACGCTTTGG-3= and 5=-TG
ATGCCATCCCGTAGGTCTGT-3= for human PKR, 5=-GGCTGTTTAC
CAGACTCCGACA-3= and 5=-CACAAAGCCTGGCAGCTCTCTA-3= for
human Mx1, 5=-AGGAAAGGTGCTTCCGAGGTAG-3= and 5=-GGACT
GAGGAAGACAACCAGGT-3= for human OAS1, 5=-CTCTGAGCATCC
TGGTGAGGAA-3= and 5=-AAGGTCAGCCAGAACAGGTCGT-3= for

human interferon-stimulated gene 15 (ISG15), 5=-GCCTTGCTGAAGT
GTGGAGGAA-3= and 5=-ATCCAGGCGATAGGCAGAGATC-3= for hu-
man IFIT1, 5=-GGAGCAGATTCTGAGGCTTTGC-3= and 5=-GGATGA
GGCTTCCAGACTCCAA-3= for human IFIT2, 5=-GCCGCATTGACCA
TCTATGA-3= and 5=-GCCAGGAGGTTCTCAACAATAG-3= for human
IFN-�1, and 5=-GAAGGTGAAGGTCGGAGTC-3= and 5=-GAAGATGG
TGATGGGATTTC-3= for human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). The PCRs were incubated at 95°C for 3 min, followed
by 40 cycles of amplification at 95°C for 10 s and 55°C for 30 s. The RNA
levels of each gene from virus-infected cells were first normalized to that of
GAPDH and then compared to mock-treated cell results and are shown as
fold induction values (2�	[	C(t)]) in the graph. Data shown are the aver-
ages of the results of three independent experiments.

RESULTS
(i) The Z proteins of pathogenic arenaviruses but not nonpatho-
genic ones can block RLR-induced IFN-� activation. In an at-
tempt to identify viral antagonists of type I IFNs, we transfected
293T cells with an IFN-� promoter-directed luciferase plasmid
(pIFN�–LUC) and a plasmid expressing the RIG-i or MDA5 ac-
tivation domain (RIG-iN or MDA5N) with or without a Z protein
expression plasmid. We found that the Z protein of LASV, but not
of nonpathogenic PICV, could strongly inhibit RIG-iN- and
MDA5N-induced IFN-� activation in a dose-dependent manner
(Fig. 1A). A previous report by Fan and colleagues shows that the
Z proteins of NW arenaviruses (JUNV, MACV, GTOV, and
SABV), but not of OW ones (LASV and LCMV), bind to RIG-i
and inhibit type I IFN induction (36). Our data, however, show
that LASV Z can also strongly inhibit RLR-induced IFN-� pro-
duction. The discrepancies between the two studies may be due to
the differences in the experimental systems, such as the methods
used to induce and quantify the IFN-� induction, the Z expression
levels, etc.

Given the contrasting results seen with pathogenic LASV and
nonpathogenic PICV Z proteins with respect to IFN inhibition,
we decided to examine the Z proteins from an additional 21 are-
naviruses with known sequences. We used overlapping oligonu-
cleotides to generate entire Z open-reading frames (ORFs) and
cloned each fused with a C-terminal HA tag into an expression
vector. Each Z protein was readily expressed, as shown by Western
blotting (Fig. 1B). Tested in the IFN-�-promoter assay, the Z pro-
teins of all 9 causal agents of human diseases (LASV, DANV,
LCMV, LUJV, CHPV, MACV, GTOV, JUNV, and SABV) strongly
suppressed RLR-induced IFN-� activation (Fig. 1C). In sharp
contrast, Z proteins of 14 other arenaviruses (Amapari virus
[AMAV], Bear Canyon virus [BCNV], Cupixi virus [CPXV], Fl-
exal virus [FLEX], Ippy virus [IPPYV], Latino virus [LATV], Mo-
bala virus [MOBV], Mopeia virus [MOPV], Oliveros virus
[OLVV], Pichinde virus [PICV], Pirital virus [PIRV], Tacaribe
virus [TCRV], Tamiami virus [TAMV], and White Water Arroyo
virus [WWAV]), which either are not known to be associated with
human diseases or have unknown pathogenicity, completely
lacked the ability to suppress RLR-induced IFN-� activation (Fig.
1C). These 23 Z proteins are from most if not all of the currently
known arenaviruses that include all viral subtypes and clades,
OW, NW clade A (NW-A), NW-B, NW-C, and NW-rec A/B (43).
To complement the LUC reporter assay, we quantified the level of
IFN-�1 mRNA by qRT-PCR. The Z protein of pathogenic arena-
viruses (LASV, LCMV, and MACV), but not of nonpathogens
(PICV, TCRV, and MOBV), could strongly inhibit Sendai virus-
induced IFN-�1 expression in 293T cells (Fig. 1D). We also com-
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pared LASV Z to the known IFN antagonist NP with respect to
suppression of Sendai virus-induced IFN production in the LUC
reporter assay (Fig. 1E). The presence of either LASV Z or LASV
NP led to significant inhibition of IFNs in plasmid transfections
even at a low dose (10 ng) and to stronger inhibition at higher
doses (Fig. 1E). Compared at the same plasmid dose, the presence
of LASV NP led to a greater level of IFN inhibition than was seen
with LASV Z, which may reflect their distinct inhibitory mecha-
nisms, as NP mediates the inhibition via its RNase enzymatic ac-
tivity whereas LASV Z does so through protein-protein interac-
tions (see below). Taken together, our data for the first time reveal
a unique feature shared by all confirmed pathogenic arenaviruses,
i.e., Z-mediated inhibition of RLR-induced IFN-� activation, re-
gardless of geographical distribution (OW or NW) or viral sub-
group and independent of the disease symptoms (hemorrhagic
fever or central nervous system disease) or severity.

(ii) LASV Z protein inhibits RLR signaling by interacting
with the N-terminal CARD domains of RLRs. To determine the
molecular mechanism by which pathogenic arenavirus Z proteins
inhibit the production pathway of type I IFNs, we examined the
inhibitory activity of LASV Z in response to enforced expression of
several known factors in the RLR pathway (44): RIG-iN, MDA5N,
MAVS/IPS-1, TBK1, IKKε, and IRF3/5D (Fig. 2A). LASV Z could
strongly inhibit the IFN-� induction by RIG-iN and MDA5N in a
dose-dependent manner but not the IFN-� induction by any of
downstream factors MAVS/IPS-1, TBK1, IKKε, and IRF3/5D,
suggesting that LASV Z inhibits the RLR-dependent IFN pathway
at a step(s) upstream of MAVS, most likely by targeting the RLRs
themselves. We therefore determined whether LASV Z could in-
teract with the RLRs by performing co-IP after expressing HA-
tagged Z in 293T cells, with or without FLAG-tagged full-length
RIG-i or MDA5. Indeed, LASV Z could be pulled down by anti-
FLAG antibody when coexpressed with RIG-i or MDA5, demon-
strating its specific association with RLRs (Fig. 2B). That LASV Z,
but not PICV Z, interacts specifically with RIG-i and MDA5 was
also confirmed by the inverse co-IP with an anti-HA antibody
followed by Western blotting with an anti-FLAG antibody
(Fig. 2C).

Both RIG-i and MDA5 harbor the N-terminal tandem CARD
domains and a central ATPase-containing DExD/H box helicase
domain (3). That LASV Z can strongly inhibit RIG-iN- and
MDA5N-induced IFN production suggests that the Z-interactive
region is located within the N-terminal CARD domains. Indeed,
we demonstrated that LASV Z associated specifically with RIG-iN

but not RIG-iC by co-IP (Fig. 2D). To determine whether LASV Z
directly binds to RLR, we expressed and purified GST-tagged
RIG-iN protein from bacteria. We then incubated the purified
GST-RIG-iN or GST control protein with the biotinylated LASV
or PICV Z protein that was generated by an in vitro transcription-
translation system. After GST pulldown with glutathione-Sephar-
ose 4B beads, the associated Z protein was detected by the use of
streptavidin-horseradish peroxidase followed by chemilumines-
cent detection. As shown in Fig. 2E, LASV Z but not PICV Z
specifically binds to GST-RIG-iN, demonstrating the direct pro-
tein-protein interaction between LASV Z and RIG-iN. Taking the
results together, LASV Z protein inhibits RLR signaling by inter-
acting directly with the RLR CARD domains.

(iii) Pathogenic but not nonpathogenic Z proteins can inter-
act with RLRs and disrupt the RLR-MAVS binding. We then
examined whether the other pathogenic Z proteins could also in-
teract with RLRs in a manner similar to that seen with LASV Z.
Using the same co-IP experiment as described in Fig. 2B, we
showed that the Z proteins of all other pathogenic arenaviruses
(LUJV, MACV, LCMV, CHPV, DANV, GTOV, JUNV, and
SABV), but not of nonpathogenic ones (PICV, TCRV, AMAV,
IPPYV, MOBV, MOPV, and PIRV), could interact with RIG-i and
MDA5 (Fig. 3A), correlating with their differential abilities to in-
hibit RLR-induced IFN-� production. We also showed that the
interaction of pathogenic Z with RIG-i/MDA5 was not due to the
potential aggregation-prone nature of the pathogenic Z protein,
as LASV Z and LCMV Z did not associate with IKKε under the
same co-IP assaying conditions (Fig. 3B).

RLRs are known to activate the downstream target MAVS/
IPS-1 via CARD-CARD interactions (45). We hypothesized that
pathogenic Z proteins bind to the RLR CARD to disrupt the RLR-
MAVS association and thus block MAVS activation. To test this,
we transfected cells with HA-tagged Z and FLAG-tagged RIG-iN
or MDA5N, together with myc-tagged MAVS. We pulled down
the RIG-i complex and the MDA5 complex using anti-FLAG an-
tibody and detected the presence of Z and MAVS by Western
blotting using anti-HA and anti-myc antibodies, respectively (Fig.
3C). As predicted, in cell lysates that contained the pathogenic Z
proteins (LASV, LUJV, MACV, LCMV, CHPV, and DANV), the
RIG-i or MDA5 complex included Z but not MAVS. In contrast,
in cell lysates of viruses that contained nonpathogenic Z proteins
(PICV, TCRV, AMAV, IPPYV, MOBV, MOPV, and PIRV), the
RIG-i or MDA5 complex included MAVS but not Z (Fig. 3C).
Taking the data together, we showed that pathogenic Z proteins

FIG 1 The Z proteins of pathogenic arenaviruses but not nonpathogenic ones can block RLR-induced IFN-� activation. (A) LASV Z, but not PICV Z, inhibits
RIG-iN- and MDA5N-induced IFN-� activation in a luciferase (LUC)-based promoter assay. 293T cells were transfected with two different concentrations (100
ng and 1,000 ng) of empty vector (V) or Z plasmids (LASV or PICV) together with IFN-�–LUC, �-Gal, RIG-iN, or MDA5N plasmids. neg, negative control (no
RIG-iN or MDA5N transfection). (B) Expression of arenavirus Z proteins. Plasmids (0.1 or 1 �g) with HA-tagged Z protein from each of the arenaviruses shown
on the figure were transfected into 293T cells in separate wells of 6-well plates. Cell lysates were separated in 12% SDS-PAGE and analyzed by Western blotting
using anti-HA antibody. (C) The Z proteins from all pathogenic arenaviruses (LASV, DANV, LCMV, LUJV, CHPV, MACV, GTOV, JUNV, and SABV) but not
nonpathogenic ones (MOBV, MOPV, IPPYV, AMAV, TCRV, PIRV, PICV, BCNV, CPXV, FLEV, LATV, OLVV, TAMV, and WWAV) inhibit the RIG-iN- and
MDA5N-induced IFN-� activation. 293T cells were transfected with empty vector or 1,000 ng of Z plasmid for each arenavirus shown on the figure, IFN-�–LUC,
�-Gal, RIG-iN, or MDA5N. Luciferase (LUC) activities were normalized to the �-Gal values as previously described (16). (D) The Z protein of LASV, LCMV, and
MACV, but not of PICV, TCRV, or MOBV, can inhibit the Sendai virus-induced IFN-�1 expression. 293T cells were transfected with empty vector or 1,000 ng
of Z plasmid for each arenavirus shown on the figure and infected with Sendai virus to induce the IFN expression. The levels of IFN-�1 mRNA were quantified
by qRT-PCR and are shown as 2–	[	C(t)] values, which were obtained after normalization with GAPDH and in comparison to mock infection. (E) Dose-
dependent IFN inhibition by LASV Z and NP in the LUC promoter assay. 293T cells were transfected with empty vector (V) or an expression plasmid of LASV
NP or Z at the indicated amounts (10 ng, 100 ng, or 1,000 ng), together with IFN-�–LUC and �-Gal plasmids, and infected with Sendai virus. Mock infection was
included as a negative control (neg). Statistical analysis was conducted using the Student t test. ***, P 
 0.001; **, P 
 0.01; *, P 
 0.05; ns, no statistical
significance.
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interact specifically with RLRs to disrupt their association with
MAVS.

(iv) Pathogenic Z NTD is a critical determinant for RLR
binding and inhibition. Arenavirus Z proteins share a Gly2
myristoylation site, the central RING domain, and the C-terminal
late domain(s), but there are significant sequence variations,
primarily at N and C termini (29). To define the sequence deter-
minant of the pathogenic Z proteins for RLR inhibition, we gen-
erated PICV-LASV Z chimeric proteins, PICV-ZNLASV and PICV-
ZCLASV, in which the N-terminal domain (NTD) and C-terminal
domain (CTD) of PICV Z were replaced with the corresponding
sequences from LASV Z (Fig. 4A). These Z protein constructs, all
with HA tags, were readily expressed in the plasmid-transfected
293Tcells (Fig. 4A). PICV-ZNLASV, but not PICV-ZCLASV, could
interact with RIG-i and MDA5 and disrupted the MAVS associa-
tion (Fig. 4B), demonstrating that LASV Z NTD mediates the RLR
interaction. Correspondingly, tested in the IFN-�-promoter as-
say, PICV-ZNLASV, but not PICV-ZCLASV, could inhibit the RIG-
iN- and MDA5N-induced IFN-� activation (Fig. 4C), suggesting

that LASV Z NTD is the determinant for the RLR inhibition. Sim-
ilar results were obtained with the PICV-LCMV Z chimeric pro-
teins. PICV-ZNLCMV, with the NTD derived from LCMV (Arm-
strong), but not PICV-ZCLCMV, could inhibit the RLR-dependent
IFN-� activation (Fig. 4D). In addition, we compared the levels of
Z-mediated RLR inhibition in 293T cells infected with Sendai vi-
rus (Fig. 4E) or transfected with purified virion RNAs (Fig. 4F),
both known to induce IFN-� production via RLR. Pathogenic Z
proteins (LASV and LCMV), as well as the chimeric PICV Z pro-
teins with the NTD of LASV or LCMV (PICV-ZNLASV and PICV-
ZNLCMV), significantly inhibited Sendai virus- and virion RNA-
induced IFN-� activation, in contrast to PICV Z and the chimeric
PICV Z with the CTD of LASV or LCMV (PICV-ZCLASV or PICV-
ZCLCMV). Therefore, the ability to interact with and inhibit RLRs
has been mapped to the pathogenic Z NTD. The discrepancy be-
tween our results and those reported in a previous study, which
failed to detect Sendai virus-induced IFN-� activation by LCMV Z
based on the results of chloramphenicol acetyltransferase (CAT)
and green fluorescent protein (GFP) reporter assays (15), can be
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FIG 2 LASV Z inhibits RLR signaling by interacting with RLRs at the N-terminal CARD domains. (A) LASV Z inhibits type I IFN activation induced by RIG-iN
and MDA5N but not by MAVS, TBK1, IKKε, or IRF3/5D. 293T cells were transfected with empty vector (V) or increasing amounts of PICV or LASV Z plasmids
(10, 100, and 1,000 ng), IFN-�–LUC, and plasmids expressing the respective IFN activators. neg, negative control (no RIG-iN or MDA5N transfection). Each
sample was compared to the vector control by statistical analysis using the Student t test. *, P 
 0.05; ***, P 
 0.001; ns, no statistical significance. (B) LASV Z
can interact with RIG-i and MDA5. HA-tagged ZLASV and FLAG-tagged full-length RIG-i or MDA5 were cotransfected into 293T cells. Cell lysates were
immunoprecipitated with anti-FLAG antibody and detected by anti-HA or anti-FLAG. (C) LASV Z, but not PICV Z, can interact with RIG-i and MDA5 by
inverse coimmunoprecipitation. 293T cells were cotransfected with HA-tagged LASV or PICV Z plasmid and FLAG-tagged full-length RIG-i or MDA5. The cell
lysates, IgG, and anti-HA immunoprecipitates were detected by Western blotting with anti-FLAG and anti-HA antibodies. (D) LASV Z interacts with the
N-terminal CARD domain, but not the C-terminal domain, of RIG-i. HA-tagged ZLASV was cotransfected with FLAG-tagged full-length RIG-i, RIG-iN, and
RIG-iC, respectively. The Z proteins in the cell lysates, IgG, and anti-FLAG immunoprecipitates were detected by Western blotting with anti-HA and anti-FLAG
antibodies. (E) LASV but not PICV Z directly binds to the N-terminal region of RIG-i. In vitro-translated and biotin-labeled LASV Z and PICV Z proteins were
incubated with purified GST or GST-tagged RIG-iN domain (GST-RIG-iN) in vitro. After GST pulldown, the associated Z proteins were detected by Western
blotting with streptavidin-HRP followed by chemiluminescent detection.
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explained by the differences in the two experimental systems, such
as different dosages of Sendai virus, different protein expression
levels, and/or different cell lines or IFN-� promoter plasmids used
in the experiments. Taken together, our results demonstrate that
the NTD of the pathogenic Z proteins contains a critical determi-
nant for binding and inhibiting RIG-i and MDA5.

(v) LCMV Z NTD leads to increased viral replication in hu-
man primary macrophages. To demonstrate that the pathogenic
Z NTD is indeed involved in the inhibition of RLR-dependent IFN
signaling in the context of an authentic arenavirus infection, we
introduced the 31-residue LCMV Z NTD into the PICV (P18
strain) genome by a reverse-genetics method (42). We first con-
ducted co-IP experiments to confirm the endogenous Z-RLR in-
teractions. Human monocyte-derived macrophages (hMDMs)
(38) were infected with LCMV, rP18-ZNLCMV, rP18, or TCRV, at
MOI of 5. The RIG-i and MDA5 immunoprecipitates contained
the Z proteins from LCMV and rP18-ZNLCMV but not those from
rP18 or TCRV (Fig. 5A), demonstrating that LCMV Z NTD allows
the specific interaction with host RIG-i and MDA5. We then ex-
amined whether the LCMV Z NTD affects viral basic replication
by conducting a growth curve analysis in the IFN-deficient Vero
cells at MOI of 0.01. This rP18-ZNLCMV chimeric virus replicated

with kinetics similar to those seen with the parental rP18 virus in
Vero cells (Fig. 5B), demonstrating that NTD swapping does not
affect the essential biological functions of the Z protein in the viral
life cycle. We then compared levels of viral growth in hMDMs
after infection at MOI of 1. LCMV and rP18-ZNLCMV grew to
�105 PFU/ml at 24 hpi, a level roughly 1 log higher than that seen
with TCRV or PICV (P2 and P18 strains) (Fig. 5C), suggesting that
LCMV Z NTD confers a significant growth advantage for arena-
virus infection in macrophages, the early target cells of arenavirus
infection.

(vi) LCMV Z NTD leads to inhibition of IFN responses in
human primary macrophages. We then determined the role of
LCMV Z NTD in the IFN inhibition upon viral infection of
hMDMs. These hMDMs were treated with PBS (mock) or LPS or
were infected (MOI � 1) with LCMV, TCRV, PICV (both strains
P2 and P18), or rP18-ZNLCMV. At 12, 24, and 48 h postinfection
(hpi), we quantified the IFN-� protein levels in the supernatants
by ELISA (Fig. 6A). LPS treatment was included as a positive con-
trol and indeed strongly induced the production of IFN-� at 12 h.
For nonpathogenic TCRV and PICV infections, IFN-� was de-
tected at 12 hpi and reached high levels at 24 and 48 hpi. In con-
trast, LCMV and, remarkably, rP18-ZNLCMV, which contains only
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FIG 3 Pathogenic Z proteins interact with RLRs to disrupt the RLR-MAVS interaction. (A) Pathogenic but not nonpathogenic Z proteins can interact with RLRs.
Each HA-tagged Z protein was transfected into 293T cells together with FLAG-tagged full-length RIG-i or MDA5. Cell lysates were immunoprecipitated with
anti-FLAG antibody. Both cell lysates and immunoprecipitates were analyzed by Western blotting with anti-HA or anti-FLAG antibody (left panel). For GTOV,
JUNV, SABV, and PICV Z proteins, cell lysates and immunoprecipitates with control IgG or anti-FLAG antibody were analyzed by Western blotting with
anti-HA or anti-FLAG antibody (right panel). (B) LASV or LCMV Z does not interact with IKKε. 293T cells were cotransfected with HA-tagged LASV or LCMV
Z together with FLAG-tagged IKKε plasmid. The cell lysates, IgG, and anti-FLAG immunoprecipitates were detected by Western blotting with anti-HA and
anti-FLAG antibodies. (C) Interaction of pathogenic Z proteins with RLRs disrupts the RLR-MAVS association. 293T cells were transfected with individual Z
plasmid, FLAG-tagged RIG-iN or MDA5N, and myc-tagged MAVS plasmids. Cell lysates were pulled down by anti-FLAG antibody and detected by anti-myc,
anti-HA, and anti-FLAG antibodies.
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the 31-residue LCMV NTD in the backbone of PICV-P18 virus,
induced very low levels of IFN-� at all time points tested, and the
levels were significantly lower than those induced by TCRV and
PICV at 24 and 48 hpi (Fig. 6A). We also compared the levels of
IFN-� production from virally infected cells at different MOIs

(MOI � 2 or 5) and observed similar results (Fig. 6B). In partic-
ular, significant differences were observed between cells infected
with LCMV or rP18-ZNLCMV at a lower MOI (MOI � 2) and
those infected with TCRV or PICV at a higher MOI (MOI � 5),
suggesting that the nature of the Z NTD, rather than the level of

FIG 4 The N-terminal domain (NTD) of pathogenic Z is a critical determinant for RLR binding and inhibition. (A) Diagrams showing the NTD, central RING
domain, and CTD of LASV Z, PICV Z, and the chimeric Z proteins. Expression of these Z proteins in the transfected 293T cells was detected by Western blotting
using anti-HA. (B) PICV-ZNLASV but not PICV-ZCLASV can interact with RIG-i and MDA5 and disrupt RLR-MAVS association in a coimmunoprecipitation
assay as described in the Fig. 3 legend. (C) PICV-ZNLASV but not PICV-ZCLASV can inhibit RIG-iN- and MDA5N-induced IFN-� activation in a LUC-based
promoter assay. (D) PICV-ZNLCMV but not PICV-ZCLCMV can inhibit RIG-iN- and MDA5N-induced IFN-� activation in a LUC-based promoter assay. (E) The
Z proteins with a pathogenic NTD (ZLASV, ZLCMV, and chimeric PICV-ZNLASV and PICV-ZNLCMV) can inhibit Sendai virus-induced IFN-� production. (F) The
Z proteins with a pathogenic NTD (ZLASV, ZLCMV, and chimeric PICV-ZNLASV and PICV-ZNLCMV) can inhibit virion RNA-induced IFN-� production. Each
sample was compared to the vector control by statistical analysis using the Student t test. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ns, not statistically significant.
(G) Sequence comparison of arenavirus Z NTDs. The available Z protein sequences were obtained from GenBank. Alignment of multiple sequences was
conducted using ClustalW in MacVector 12 software. Names of pathogenic viruses are shown in bold.
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viral proteins or RNAs, is the critical determinant for the differ-
ential levels of induction of IFNs. Corresponding to the IFN pro-
duction, qRT-PCR analysis of some representative interferon-
stimulated genes (ISGs) showed that PKR, Mx1, OAS1, ISG15,
IFIT1, and IFIT2 were highly induced by TCRV and PICV infec-
tions but were barely induced by LCMV or rP18-ZNLCMV (Fig.
6C). Thus, LCMV Z NTD leads to effective inhibition of the RLR-
dependent type I IFN responses in macrophages, which correlates
with increased viral growth in these cells (Fig. 5C).

As all arenaviruses encode a strong IFN antagonist NP, which
inhibits the IFN induction through the conserved RNase domain
(15–20), we wondered what the respective roles are of pathogenic
Z and NP in the IFN suppression during an authentic arenavirus
infection. We thus generated rPICVs encoding a pathogenic Z
protein (ZNLCMV) in the backbone of an NP RNase catalytically
inactive D380A mutant (NPm1). The respective rPICVs, with or
without a pathogenic Z and with or without a functional NP
RNase, were used to infect hMDMs at MOI of 1, and the IFN-�
levels were quantified at 24 hpi by ELISA (Fig. 6D). The rPICV
encoding both IFN antagonists (NP RNase and ZNLCMV), i.e.,
rP18-ZNLCMV, did not induce an appreciable level of IFNs com-
pared to the mock infection control results, while the virus lacking
both antagonists (rP18-NPm1) induced significant amount of
IFNs, and the viruses lacking either inhibitory mechanism (rP18-
ZNLCMV-NPm1 and rP18) produced intermediate levels of IFNs
(Fig. 6D). Taken together, our data strongly suggest that patho-
genic Z and NP RNases play distinct and physiologically relevant
roles in IFN suppression during an authentic arenavirus infection.

DISCUSSION

In recent years, multiple novel arenaviruses have been identified
from natural reservoirs (mainly rodents) and from human pa-
tients. Evaluation of their pathogenicity, however, is hampered by
the lack of an animal model that can consistently show clinical
signs after infection with arenavirus pathogens. For example,
LCMV, as a low-risk pathogen, does not normally cause disease
signs even in nonhuman primates except for a few selected strains
(46). Some unique characteristics have been noted for arenavirus
pathogens, such as the use of human TfR1 as an entry receptor by

NW pathogenic arenaviruses (47) and the selective inhibition of
macrophages by LASV but not nonpathogenic MOPV (38, 48).
These findings are limited to a single pathogen or a specific sub-
group of pathogens. Here we show for the first time a character-
istic that is shared by all the confirmed pathogenic arenaviruses—
the ability of the viral Z protein to inhibit RLR signaling. Our
assessment of LCMV Z in RLR inhibition can predict its potential
to cause disease in humans. On the other hand, the Z protein of
WWAV, whose link with several fatalities in North America has
not been confirmed, cannot inhibit RLR signaling, suggesting that
WWAV may not be a human pathogen. This is consistent with a
study by Reignier and colleagues in which analysis of the receptor
usage by WWAV glycoprotein did not support the hypothesis of
WWAV as a human pathogen (49). As this method of evaluation
can be safely and quickly conducted with the knowledge of the Z
protein sequence only and without the use of infectious virus, it
allows early identification, precautions, and prevention with re-
spect to emerging arenavirus pathogens and their infections.

We have shown that the differential RLR inhibition activities
lie in the Z NTD, a region of 30 to 42 residues with highly variable
primary sequences (Fig. 4G) and dynamic structures (50). The
high degree of sequence variation in the Z NTD suggests that it is
nonessential for basic viral replication, an interpretation which is
supported by our results obtained using recombinant PICV con-
taining LCMV Z NTD (Fig. 5B). Sequence comparison of Z NTDs
did not reveal any obvious consensus residues required for disease
pathogenicity (Fig. 4G). Future structural analysis of the patho-
genic Z NTDs in complex with RLRs is required to understand the
molecular basis of the inhibition.

Two viral IFN antagonists have been identified in arenaviruses
so far—NP and pathogenic Z. Arenavirus NP can strongly inhibit
the IFN production via an RNase domain that is conserved among
all arenaviruses (15–20). The pathogenic Z protein binds and in-
hibits RLRs to suppress the IFN production (this study). Using
recombinant PICVs (Fig. 6D), we have shown that both NP and
pathogenic Z proteins contribute to effective IFN suppression in
human macrophages during arenavirus infection. Taking the re-
sults at face value, the virus containing a pathogenic Z (rP18-
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ZNLCMV-NPm1) appeared to produce lower levels of IFNs than
the one with a functional NP RNase (rP18), indicating that the
pathogenic Z may be more efficient than the NP RNase in sup-
pressing the IFN production from arenavirus-infected human
macrophages. As macrophages are the early targets of arenavirus
infection and represent the first line of host immunity, effective
suppression of the type I IFN responses by pathogenic Z protein in
macrophages is expected to have a major impact on viral patho-
genicity. While both NP and Z can suppress IFN expression, the
seemingly differential degrees of inhibition by NP and Z in plas-
mid-transfected 293T cells (Fig. 1E) and in virus-infected human
macrophages (Fig. 6D) are noted. Further studies, therefore, are
required to evaluate the relative contributions of pathogenic Z and
NP to IFN suppression in different permissive cell types and at
different stages of viral infection. It is also noteworthy that, al-
though pathogenic arenaviruses encode both NP and Z proteins
to inhibit production of IFNs, for some arenavirus-caused dis-

eases, such as JUNV-caused Argentine HF (AHF), high levels of
IFN-� have been detected in patient serum and correlate with
disease severity (51). The sources of high levels of IFN-� have not
been identified in vivo but are unlikely to be macrophages and
monocytes (52). We speculate that arenavirus-induced IFN sup-
pression may be regulated at multiple levels such as cell type, viral
strain, and stage of infection and that type I IFNs have both pro-
tective and pathogenic roles in arenavirus pathogenesis (53–55).
Thus, effective suppression of IFNs mediated by both NP and
pathogenic Z in macrophages and monocytes early in the infec-
tion, when type I IFNs trigger the innate immunity to control virus
infection, may be a critical determinant of viral pathogenicity,
while a sustained elevation of levels of type I IFNs through viral
and/or cell type-specific mechanisms later in infection in JUNV
patients may lead to damaging effects.

The results of our study indicate that pathogenic Z NTD-me-
diated RLR inhibition may be a common pathogenic mechanism
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underlying the diverse arenavirus pathogens. While each arenavi-
rus pathogen may have its unique pathogenesis leading to variable
disease symptoms in humans, all of them encode a Z protein that
can inhibit RLR signaling. We have shown that introduction of a
pathogenic Z NTD into a nonpathogenic virus genome is suffi-
cient to effectively inhibit the IFN responses and significantly in-
crease viral replication in human primary macrophages (Fig. 5
and 6), the early target cells of arenavirus infection, which may
partly explain arenavirus virulence and disease pathogenesis in
vivo (56, 57). Nevertheless, arenavirus pathogens differ greatly in
the degrees of disease severity and clinical manifestations (43). We
propose that the pathogenic Z NTD is necessary for pathogenic
arenaviruses to establish the potential to cause human diseases.
Whether this potential leads to self-limiting infections or severe
diseases with diverse clinical symptoms (neurological diseases or
full-blown hemorrhagic fevers) depends on multiple other factors
such as the virus strains, viral inoculum dose, infection route, host
immune status, preexisting immunity, and genetic variations. Ad-
ditional virulence and pathogenic mechanisms must contribute to
the complex pathogenic processes of specific arenavirus patho-
gens (22, 43), such as the selective use of human TfR1 as an entry
receptor by the NW pathogenic arenaviruses (47). Further studies
are required to fully understand the relationships among these
virulent factors and/or mechanisms in disease development by the
diverse arenavirus pathogens.

In summary, we reveal for the first time that all the confirmed
arenavirus pathogens, but not nonpathogens, share an immune-
system-suppressive mechanism based on Z NTD-dependent RLR
inhibition that blunts the IFN-mediated antiviral responses.
Knowledge from these studies provides important insights into
arenavirus pathogenesis as well as into the mechanisms of virus-
mediated host immune suppression in general and may lead to the
development of broad-spectrum therapies against known and
emerging pathogenic arenaviruses by targeting the Z-RLR inter-
action.
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